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ARTICLE OPEN
Recovery of stem cell proliferation by low intensity vibration
under simulated microgravity requires LINC complex
H. Touchstone1, R. Bryd1, S. Loisate1, M. Thompson1, S. Kim2, K. Puranam2, A. N. Senthilnathan2, X. Pu3, R. Beard 3, J. Rubin2,
J. Alwood 4, J. T. Oxford3 and G. Uzer1
Mesenchymal stem cells (MSC) rely on their ability to integrate physical and spatial signals at load bearing sites to replace and
renew musculoskeletal tissues. Designed to mimic unloading experienced during spaceflight, preclinical unloading and simulated
microgravity models show that alteration of gravitational loading limits proliferative activity of stem cells. Emerging evidence
indicates that this loss of proliferation may be linked to loss of cellular cytoskeleton and contractility. Low intensity vibration (LIV) is
an exercise mimetic that promotes proliferation and differentiation of MSCs by enhancing cell structure. Here, we asked whether
application of LIV could restore the reduced proliferative capacity seen in MSCs that are subjected to simulated microgravity. We
found that simulated microgravity (sMG) decreased cell proliferation and simultaneously compromised cell structure. These
changes included increased nuclear height, disorganized apical F-actin structure, reduced expression, and protein levels of nuclear
lamina elements LaminA/C LaminB1 as well as linker of nucleoskeleton and cytoskeleton (LINC) complex elements Sun-2 and
Nesprin-2. Application of LIV restored cell proliferation and nuclear proteins LaminA/C and Sun-2. An intact LINC function was
required for LIV effect; disabling LINC functionality via co-depletion of Sun-1, and Sun-2 prevented rescue of cell proliferation by LIV.
Our findings show that sMG alters nuclear structure and leads to decreased cell proliferation, but does not diminish LINC complex
mediated mechanosensitivity, suggesting LIV as a potential candidate to combat sMG-induced proliferation loss.
npj Microgravity            (2019) 5:11 ; https://doi.org/10.1038/s41526-019-0072-5
INTRODUCTION
In mechanically sensitive tissues like bone, reduced mechanical
challenge encountered during microgravity and bedrest contri-
butes to a phenotype reminiscent of sedentary subjects,1,2 with
reduced bone quality and increased fracture risk.3 To alleviate the
detrimental effects of weightlessness, astronauts adhere to long
and rigorous exercise regimens that include running and
resistance training4 designed to reestablish mechanical challenges
lost during spaceflight. Despite these rigorous exercise regimes,
data from near orbit space missions show that astronauts lose an
average of 1% of their bone density per month in space.5,6 Bone
loss due to unloading is achieved by alterations in the actions of
the differentiated cells present in the tissue (e.g., osteoblasts,
osteocytes, adipocytes),7 as well as their common progenitor, the
mesenchymal stem cell (MSC).8–10 When loading is absent,
mesenchymal stem cells that renew and regenerate bone-
making osteoblast populations contribute to the loss of bone
quality by decreasing the output of available osteoblasts.2 For
example, hind limb unloading models that simulate weightless-
ness cause decreased proliferative and osteoblastic capacity in
MSCs.2 Correspondingly, in unloaded humans, bone quality
decreases and the bone marrow space fills with adipocytes
derived from local marrow MSC.11,12
To maintain bone quality, MSCs rely on mechanical signals from
their environment to control gene expression required for cell
growth and differentiation. Vital for transducing regulatory
mechanical information into the cell nuclei, the Linker of
Nucleoskeleton and Cytoskeleton (LINC) complex13 not only
provides mechanical coupling between the nucleus and the
cytoplasmic cytoskeleton but also plays a role in providing nuclear
access to molecular transducers of mechanical information such as
βcatenin14 and YAP/TAZ,15 molecules involved in cell growth and
differentiation. Containing multiple Nesprin1 & 2 and Sun1 & 2
protein components that connect cytoskeleton to intra-nuclear
LaminA/C network,16,17 the LINC complex participates in regulat-
ing nuclear architecture.18 We and others have shown that LINC-
mediated connectivity regulates actin polymerization19,20 as well
as intermediate filament assembly within the nucleus.21 LINC-
mediated forces, further alters nuclear pore size,22 chromatin
dynamics,23 and gene expression,21 all of which influence MSC
function.
Aimed at understanding the role of microgravity on MSC
structure and function, recent research on simulated microgravity
(sMG) models show that altered gravity conditions under sMG
decrease structural integrity and contractility of cells.24–26 While
much of this dysfunction is due to sMG-induced changes in
cytoskeletal networks,24–28 possible effects of sMG to alter the
structure of the cell nucleus and LINC complex are unknown. Our
group has reported that LINC elements show functional simila-
rities to cytoskeletal networks and are responsive to mechanical
challenge. For example, stiffening of actin cytoskeleton in
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response to mechanical loading results in increased transcriptional
expression of LINC elements and their nuclear anchor LaminA/C.29
Mechanical loading, as occurs during exercise and daily
activities, is critical for maintaining musculoskeletal health.30
Interestingly, during daily functional activities, the mechanical
environment of bone subjects resident cells to very few high-
strain (2000–3000 µstrain), low-frequency (1–3 Hz) events. At the
same time bone cells experience continual bombardment of low-
strain (<5 µstrain), high-frequency signals that are the result of
postural muscle contractions.31 When a muscle dynamically
oscillates without any electrical stimulation, its natural frequency
is between 10–50 Hz32 while dynamic oscillations up to 400 Hz is
required to achieve maximal contraction via an external signal.33
These low-magnitude mechanical events in the skeleton decrease
with age-related muscle weakness or disuse,34 providing a
connection between muscle deterioration and bone loss. Applica-
tion of low-magnitude mechanical signals to the musculoskeletal
system, by using low intensity vibration (LIV) platforms, provides
an exercise surrogate, delivering the anabolic mechanical input to
preserve musculoskeletal competence. While we will refer delivery
of these signals as LIV, other terms such as low-magnitude high-
frequency (LMHF)35,36 vibrations, low-magnitude mechanical
signals (LMMS),37–40 or whole-body vibrations (WBV)41–43 are also
commonly used. In clinical studies, LIV is usually applied between
10 and 100 Hz. In humans, LIV has been shown to promote bone
quantity and quality in women with osteoporosis (20–50 Hz),44
children with disabling conditions, including cerebral palsy
(20–100 Hz),45 young women with osteoporosis (30 Hz),46 and
augments bone accretion in child cancer survivors (30 Hz)47 and
Crohn’s disease (30 Hz).48 Animal studies demonstrate that
replacing the regulatory physical signals that decay with age or
disuse with exogenously delivered mechanical stimulation is
sufficient to increase trabecular bone density and volume,49
enhance bone stiffness and strength,50 and to slow bone loss
caused by disuse.51 Further, LIV enhanced muscle contractility52
strength53 and cross-sectional area,54 showing that LIV signals are
anabolic to skeletal muscle. In regards to stem cell studies, LIV is
generally applied between 10 and 800 Hz.55 We and others have
shown that LIV not only improves osteogenic and proliferative
capacity,55–57 but slows down adipogenic differentiation.58 Con-
comitantly, depleting LINC function reduces the effectiveness of
LIV to influence MSC differentiation.59
Therefore, in these studies we tested the hypotheses that a
decrease in LINC function under microgravity contributes to the
loss of MSC proliferative capacity, and that application of 0.7 g,
90 Hz LIV alleviates the effects of sMG on MSC proliferation in a
LINC-dependent manner.
RESULTS
Simulated microgravity (sMG) decreases cell proliferation without
affecting cell viability
To test the effects of sMG on marrow derived stem cell
proliferation, we subjected MSCs to a previously studied sMG
regimen60 in the form of 15 rpm rotation on the horizontal axis. As
shown in Fig. 1b, after 3 days, sMG treated group showed a 2.65-
fold decrease in cell number compared with non-sMG controls (p
< 0.01, n= 6/group). To query if cell death contributed to
decreased cell number we first quantified the dead cells using
flow cytometry. In both sMG and control groups cell death was
around 5% and was not significantly different (n= 6/group). Next,
we plated MSCs at 90–100% confluence (18,000 cell/cm2) and
subjected to sMG for 3 days. As shown in Fig. S1, confluent, non-
proliferating cultures showed no loss of cells due to sMG (n= 3/
group).
sMG increases nuclear height and decreases LINC elements Sun-2
and Nesprin-2G
To test if sMG caused alterations in nuclear morphology and
nuclear structural proteins such as Lamin and LINC elements, we
have immunostained to visualize the nuclear structure and apical
F-actin organization. As shown in Fig. 2a, after 3 days of sMG,
nuclear height increased by 76% in sMG groups compared to
controls (p < 0.01, n= 15/group), suggesting a change in actin
cytoskeleton. Correspondingly, nuclear area decreased by 52% in
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Fig. 1 Simulated microgravity (sMG) decreases cell proliferation without affecting cell viability. a MSCs were subjected to simulated
microgravity (sMG) via rotation at a constant 15 RPM for 3 days inside 12.5 cm2 sealed flasks. LIV was applied twice daily at 2 h intervals for
3 days outside the incubator at 0.7 g’s and 90 Hz for 20min. During LIV, all samples were taken out but only sMG+ LIV group was vibrated.
Samples were collected for analysis 24 h after last LIV treatment. b Comparing the cell proliferation and dead cell to live cell ratio using
microscopy indicated less cells in field of view (10 ×), flow cytometry showed that sMG decreases cell proliferation by 2.63-fold (p < 0.01, n= 6/
group). Cell death was not different between difference Ctrl and sMG samples (n= 6/group). Group comparisons were made using unpaired
T-test (b). *p < 0.05, **p < 0.01, ***p < 0.001, against control and each other
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sMG groups (p < 0.01, n= 15/group). As shown in Fig. S2, apical F-
actin in sMG groups appeared to have rearranged and the mean
apical F-actin intensity was 23% lower in sMG cells, but this did
not reach significance (Fig. 2a, NS, n= 15/group). This suggests
that the changes in nuclear height may be a consequence of
reduced actin connecting elements on the nuclear envelope. qPCR
analysis showed that mRNA expression levels of LINC elements
Nesprin-2G and Sun-2 decreased by 37% and 31% in sMG groups
when compared with controls (p < 0.05, n= 9/group) while mRNA
expression for Sun-1 and nuclear lamina protein LaminA/C did not
change (Fig. 2b) and Nesprin-1G was not detected via qPCR.
Western blot analysis showed that Sun-2 and laminA/C protein
were decreased by sMG, while Sun-1 was not (Fig. 2c). Nesprin-1G
(1000 kD) and Nesprin-2G (800 kD) levels were not visualized due
to very large protein sizes. Together, these data indicate that sMG
decreases transcription and translation of LINC elements.
LIV rescue of sMG-induced proliferation loss requires LINC
complex
We have shown that LIV increases MSC proliferation,56 leads to
increased expression of LINC elements and results in a stiffer MSC
structure.29 Here we intended to understand whether LIV could
rescue structural losses due to sMG, thereby rescuing the
proliferative defect. As shown in Fig. 3a, we used both visual
inspection and cell count to compare control, sMG treated and
sMG+ LIV treated MSCs. sMG decreased cell proliferation by 44%
(p < 0.01, n= 8/group). In sMG+ LIV groups LIV was applied twice
daily separated by 2 h using 0.7 g magnitude at 90 Hz frequency
for 20 min. We and others have reported that separating two LIV
bouts by a rest period was effective in both in vitro and in vivo
models.61,62 Compared with sMG alone, the addition of LIV
increased cell proliferation by 60% (p < 0.01, n= 8/group) restor-
ing the cell count to 90% of the control levels.
While LINC element Sun2 and LaminA/C were decreased by
sMG, LIV rescue of cell proliferation suggested that LIV mechan-
oresponse was intact in sMG treated cells. Therefore we tested the
requirement of LINC complex in LIV rescue of cell proliferation. As
we have reported previously,14,59 LINC complex function can be
disabled by co-depleting Sun-1 and Sun-2 proteins via siRNA. LIV
and sMG applied concomitantly in Sun-1 and Sun-2 depleted cells
(siSUN). As shown in Fig. 3c, compared with control siRNA, siSUN
decreased cell proliferation by 42% (p < 0.01, n= 8/group). In cells
treated with siSUN, LIV failed to restore cell proliferation,
suggesting that LIV effect on cell proliferation is dependent on a
functional LINC complex. Applying 3 days sMG regimen to siSUN
treated cells did not further reduce cell proliferation and LIV failed
to recover cell proliferation in siSUN+ sMG+ LIV groups, estab-
lishing the requirement of intact LINC complex function for LIV
effect.
YAP is a known regulator of cell growth and proliferation.63
When MSCs are grown on stiff surfaces or subjected to mechanical
strain that induce adaptations in the actin cytoskeleton, YAP
enters the nucleus and binds to its co-transcriptional activator
TEAD to increase cell proliferation.64 We asked whether decreased
proliferation due to sMG was due to decreased cellular YAP.
Interestingly, cells exposed to sMG for 3 days showed a 49%
decrease in overall YAP levels (Fig. 3c, p < 0.01, n= 3/group). Twice
daily application of LIV increased cellular YAP by 40% when
compared with sMG (p < 0.01, n= 3/group), to the levels not
significantly different from those of control cells.
sMG does not alter acute Akt phosphorylation in response to LIV
Although LIV was effective in restoring proliferation in sMG
treated cells, we wished to confirm that LIV signaling was present,
as a full LIV mechanoresponse relies on LINC.59 LIV transiently
phosphorylates Akt at Ser473 residue in a LINC-dependent
manner.59 To test the effect of LIV and sMG on acute cell
mechanosensitivity we used three groups. The sMG group was
subjected to 3 days of sMG, and on day 4, two sets of flasks were
taken out of the sMG system and were subjected to a double LIV
regimen (2 × 20min LIV at 0.7 g, 90 Hz, separated by 2 h). As
shown in Fig. 4, in sMG treated cells, LIV induced a 75% increase in
pAkt (p < 0.01, n= 4/group). In sMG+ LIV group, each day, sMG
samples were removed from the clinostat and subjected to the LIV
regimen. On day 4, cell lysates were collected immediately after
LIV regimen. In sMG+ LIV groups, pAkt levels were increased 48%
when compared with non-vibrated controls (p < 0.05, n= 4/
group). Finally, non-sMG controls were not subjected to sMG or
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Fig. 2 sMG increases Nuclear Height and Decrease LINC elements Sun-2 and Nesprin-2G. a sMG treatment reduced apical F-actin (−37%, NS)
and resulted in 76% (p < 0.01) increase in nuclear height and 52% (p < 0.05) decrease in nuclear area (n= 15/group). Apical F-actin fibers
appeared disorganized in sMG groups (see Fig. S2). b Quantifying the mRNA expression of nuclear structure element LaminA/C (Lmna) and
LINC elements, Sun-1, Sun-2, Nesprin-1G, and Nesprin-2G showed 31% (p < 0.05, n= 9/group) and 37% (p < 0.05, n= 9/group) decrease in Sun-
2 and Nesprin-2G. Lmna and Sun-1 did not show a significant change. Nesprin-1G was not detected. c Protein levels of laminA/C and Sun-2 in
SMG treated groups were lower than controls while Sun-1 showed no difference. Group comparisons were made using Mann–Whitney U-test
(Fig. 2a) and One-way ANOVA followed by a Newman–Keuls post hoc test (b). *p < 0.05, **p < 0.01, ***p < 0.001, against control and each other
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LIV (Ground). Double LIV regimen on day 4 increased p-Akt levels
by 93% (p < 0.01, n= 4/group). Basal pAkt levels were not
significantly different between sMG, sMG+ LIV and Control
groups.
LaminA/C, Sun-2, and p-FAK levels decreased by sMG were
recovered by LIV
We tested the effect of chronic sMG and LIV on the basal levels of
nuclear and focal adhesion proteins. Nuclear proteins included
LaminA/C, laminB1, Sun-1, and Sun-2. Focal adhesion proteins
included Vinculin and FAK. Together with total FAK levels we also
probed FAK phosphorylation at Tyr 397 residue (pFAK) which was
shown to be indicative of integrin engagement.65 As no changes
in basal phosphorylated and total Akt were detected, this measure
was excluded. As shown in Fig. 5, sMG decreased nuclear proteins
LaminA/C by 67% (p < 0.01, n= 3/group), LaminB1 by 41% (p <
0.01, n= 3/group) and Sun-2 by 66% (p < 0.001, n= 3/group).
There was no change in Sun-1 as expected (Fig. 2). Basal pFAK
levels and its target Vinculin, were decreased in cells exposed to
3 days of sMG by 46% and 51%, respectively (P < 0.05, n= 3/
group). Addition of daily LIV regimen during sMG partially
recovered Lamin/AC (+105%, p < 0.01) and Sun-2 (+36%, p <
0.01), as well as basal p-FAK (+23%, p < 0.05). The decrease in
LaminB1 and Vinculin due to chronic sMG was not improved by
the daily LIV regimen.
Cell-cycle proteins are dysregulated by sMG
To reveal the proteins that were regulated by sMG and LIV in MSCs
we have performed a LC–MS/MS-based proteomic analysis in Ctrl,
sMG, and sMG+ LIV experiments. As shown in table S1, proteomic
analysis found that sMG decreased 21 proteins more than two-
fold, five proteins were downregulated more than four-fold and
these included RanGAP1 (Ran GTPase-activating protein 1) and
cell cycle regulator CDK1 (cyclin-dependent kinase 1). It has been
reported that RanGAP1 plays a role in the recruitment of CDK1
into nucleus to mediate mitotic spindle assembly during cell
cycle.66,67 Twelve proteins were upregulated more than two-fold
in sMG+ LIV groups compared with sMG alone. These included
RanGAP1 (Ran GTPase-activating protein 1), RANG (Ran-specific
GTPase-activating protein), and actin regulatory MYOC1 (Uncon-
ventional Myosin 1C). Out of 12 proteins that increased with sMG,
only P4HA1 (Prolyl 4-hydroxylase subunit alpha-1), that plays a
role in collagen biosynthesis,68 was upregulated more than four-
fold. Upon LIV, ten of those proteins were downregulated under
sMG were back to control levels or below in sMG+ LIV groups.
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Fig. 3 LIV rescue of sMG-induced proliferation loss requires LINC complex. a sMG decreased cell count by 44% after 3 days (p < 0.01, n= 8/
group). LIV rescued this phenotype and increased cell count to 90% control (ns, n= 8/group). b Disabling of LINC function via siRNA against
Sun-1 and Sun-2 proteins decreased the basal cell proliferation by 42% (p < 0.01, n= 8/group) addition of sMG did not decrease the cell
proliferation further and LIV was unable to rescue this this decrease in both sMG and non-rotated groups. c After 3 days of sMG, YAP levels
were decreased by 49% when compared to controls (p < 0.01, n= 3/group). Application of LIV increased the YAP levels by 40% when
compared with sMG alone (p < 0.01, n= 3/group). Difference between Ctrl and sMG+ LIV groups were not statistically significant. Group
comparisons were made using One-way ANOVA followed by a Newman–Keuls post hoc test (a–c). *p < 0.05, **p < 0.01, ***p < 0.001, against
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Fig. 4 sMG does not alter acute mechanoresponse to LIV. Following
3 days of sMG, acute mechanoresponse was assessed immediately
after LIV by measuring Akt phosphorylation (Ser473) while a non-LIV
control served as referent. sMG group showed a 75% increase in
pAkt (p < 0.001, n= 4/group). In sMG+ LIV group samples were
taken off the sMG device and was subjected to daily LIV regimen
(2 × 20min, 0.7 g, 90 Hz, separated by 2 h), pAkt levels were
increased by 48% when compared with non-vibrated control (p <
0.05, n= 4/group). Ground control was not subjected to sMG or LIV
and showed a 93% increase in pAkt following single LIV regimen (p
< 0.01, n= 4/group). No difference was found between sMG, sMG+
LIV, and ground treatments. Black dashed lines correspond to non-
LIV controls and their combined deviation. Group comparisons were
made using One-way ANOVA followed by a Newman–Keuls post hoc
test. *p < 0.05, **p < 0.01, ***p < 0.001, against control and
each other
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DISCUSSION
In this study, we showed that sMG decreased cell proliferation in
MSCs and reduced the cellular levels of LINC complex and lamina
elements. Application of LIV restored cell proliferation and partially
recovered LINC element Sun-2 and Lamina element LaminA/C.
The effects of LIV to rescue cell proliferation was dependent upon
LINC complex. This indicates that LIV, through effects on LINC, can
be a countermeasure for sMG associated decrease in proliferation.
Our findings have shown that cell nucleus was less constrained
by the cytoskeleton which resulted in an increased height,
decreased area, and disorganized apical F-actin after 3 days of
sMG. We and others have shown that loss of LINC complex
function through dominant negative nesprin-KASH fragments, or
depletion of LINC elements such as Sun or Nesprin isoforms
causes similar changes in nuclear geometry.18,69–72 Consistent
with previous studies,73,74 sMG also reduced the focal adhesion
protein Vinculin and reduced the phosphorylated FAK levels in
MSCs, suggesting reduced integrin engagement. These findings
suggest that dynamic alteration of gravitational direction under
simulated microgravity leads to deterioration of cytoskeletal and
nucleoskeletal structures. Proteomics revealed a loss in nuclear
proteins Ran-GTP and CDK1 that play a role in regulation in cell
cycle and nuclear protein transport.66,67 In support of decreased
cell proliferation our data shows that cell death was not altered by
sMG, which suggested that observed changes may be due to loss
of cellular structural elements.
One limitation of our studies is that sMG is not real microgravity
but a clinostat-based model of microgravity. Clinostat-based
microgravity models have been used in number of scientific
studies to model aspects of microgravity since 70s.75 The basic
principle of this approach is based on alteration of gravitational
vector through solid body rotation around a horizontal axis.76
Despite this limitation, clinostat models are able to replicate the
effects of real microgravity on cellular cytoskeletal organiza-
tion24,27 which made this an ideal model for current study to look
nuclear structure and LINC complex. A possible confounding
factor of clinostat-based sMG and LIV studies is the fluid shear.
While fluid shear stress can be significant factor in suspension cell
models, horizontal axis rotation devices do not generate discern-
able fluid shear at flask walls to affect adherent cells.77 For LIV-
induced fluid shear, sealing of flasks would largely eliminate fluid
shear and sealing culture plates and flasks to avoid fluid motion is
a commonly utilized method in both LIV78,79 and sMG based
studies.80 We previously tested the possible contribution of fluid
shear to LIV response.81 Increasing fluid shear up to 2 Pa under
100 Hz horizontal vibration did not generate a statistically
significant effect when compared with LIV condition that
generated 0.015 Pa fluid shear, suggesting that fluid shear does
not contribute to LIV response. We have also reported the fluid
shear generated by vertical 0.7 g, 90 Hz LIV vibrations in 6-well
culture plates.59 This fluid shear is independent of fluid volume
and is a result of deformations of a fluid-bounded well-bottom
due to vertical accelerations.82 These dynamic accelerations result
in lateral fluid motion over attached cells. We reported that the
signal used in this study (0.7 g, 90 Hz) results in a peak velocity
difference of 0.00004 m/s between fluid and well-bottom,
corresponding to peak fluid shear of 0.0008 Pa in 6-well plates,
well below 0.5 Pa fluid shear value that affect bone cells.83 In this
current study we have utilized 12.5 cm2 culture flasks which have
a 30% more surface area compared with 6-welll plates (9.5 cm2).
While this difference in area may result in larger peak deforma-
tions and thus generate larger fluid shear, to reach 0.5 Pa, fluid
shear need to increase 625-fold which is unexpected. Therefore
we believe that using 12.5 flasks would not be different than 6-
well culture plates in terms of LIV-induced fluid shear and thus
negligible.
We recently reported that both nucleus and LINC-mediated
cytoskeletal connections to nucleus are integral to maintaining the
cellular tension.84 In this way, LINC-mediated cytoskeletal
mechanical forces influence focal adhesion dynamics,85 peri-
nuclear actin structures,15 and nuclear pore size.22 Inside the
nucleus, LINC complex influences intra-nuclear chromatin struc-
tures86 as well as their interaction with inner nuclear envelope to
direct processes such as DNA repair.87 Furthermore, disruption of
LINC complexes also impedes the functionality of molecular
transducers of mechanical force such as βcatenin and YAP/TAZ.
For example, we have shown that disabling LINC function via co-
depletion of LINC elements Sun-1 and Sun-2 impedes the nuclear
entry of βcatenin by limiting its Nesprin-mediated interaction with
nuclear envelope.14
Similarly, changes in nuclear pore size via disabling of LINC
function limits YAP/TAZ nuclear entry.22 The forces generated at
the perinuclear focal adhesion/actin assemblies require LINC
complex mediated actin cap as well as LaminA/C to be present
in order to exert mechanical force on nucleus and mediate force-
induced YAP nuclear entry.15 According to our data, sMG-
mediated decrease of Sun-2 and LaminA/C levels were accom-
panied by disorganized actin cap (Fig. S2) and reduced YAP levels
after following 3 days of sMG (Fig. 3c). When LINC function was
disabled via Sun-1/2 co-depletion, sMG did not further decrease
proliferation. While these findings do not necessarily establish
direct causality, they suggest that loss of nuclear structural
elements (i.e., LINC complex and Lamin A/C) plays a role in
observed decrease in cell proliferation under sMG by altering YAP
functionality.
Low intensity vibration (LIV) is an exercise mimicker. In humans,
LIV has been shown to promote bone quantity and quality in
women with osteoporosis,44 and children with cerebral palsy.45 LIV
signal frequency in this study was chosen as 90 Hz, which we
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Fig. 5 LaminA/C, Sun-2 levels, and FAK phosphorylation decreased
by sMG, were recovered by LIV. We tested the effect of LIV on the
structural proteins of nucleus and focal adhesion. sMG, decreased
the amount of nuclear proteins LaminA/C (−67%, p < 0.01), LaminB
(−41%, p < 0.01), and Sun-2 (−66%, p < 0.001) while Sun-1 showed
no change. Both focal adhesion protein Vinculin and focal adhesion
kinase phosphorylation at Tyr 397 residue (pFAK), indicative of
integrin engagement, were decreased in response to sMG by 46 and
51% (P < 0.05). Addition of daily LIV regimen partially recovered
levels of Lamin/AC (+105%, p < 0.01), Sun-2 (+36%, p < 0.01), and p-
FAK (+23%, p < 0.05), but did not change LaminB, Sun-2, and
Vinculin. n= 3/group for all experiments. Group comparisons were
made One-way ANOVA followed by a Newman–Keuls post hoc test.
*p < 0.05, **p < 0.01, ***p < 0.001, against control and each other
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reported to be efficacious on C3H10T1/2 cells,61 primary mouse
MSCs,59 and MSC-derived osteocytes.88 While there is no
consensus on which LIV signal may be more appropriate. A
2018 meta-analysis study of all LIV trials on postmenopausal
women showed that signals above 20 Hz was beneficial with no
statistical differences between higher frequencies.44 Another
2018 study performed meta-analysis of all LIV studies performed
on children with cerebral palsy, which indicated beneficial effect
of liv at and up to 100 Hz, including 90 Hz.45 While large variation
in clinical trials makes comparison relatively hard to tease out the
contribution of frequency to overall response, studies in rodents
indicate that 90 Hz signal is generally more beneficial when
compared with 45 Hz. For example, we and others reported 90 Hz
to be more beneficial when compared with 45 Hz in its anabolic
effect in bone,89 muscle,90 and protection against unloading-
induced intervertebral disc degeneration.91 In studies with
osteoblasts and osteocytes, we and others shown LIV efficacy
between 10 and 100 Hz. While our result indicate a small positive
effect of increasing LIV frequency between 10 and 100 Hz on
osteoblast Cox-2 expression,81 we found no effect of increasing
LIV frequency on gap junctional communication in osteocytes
between 30 and 100 Hz.92 Others have reported increased LIV
efficacy at 100 Hz when LIV frequency was varied between 5 and
100 Hz in osteoblasts.78 These studies with osteoblasts and
osteocytes generally agree with rodent models that higher LIV
frequencies are more efficacious compared with lower frequencies
within 10–100 Hz range.
In stem cells, LIV promotes both cell proliferation and
osteogenic differentiation,56 while slowing down adipogenesis.59
LIV was reported to be beneficial to MSC proliferation and/or
osteogenesis between 10 and 800 Hz.55 In the 2T3 pre-osteoblast
cell line, application of LIV was able to alleviate the decreased
mineralization caused by sMG.93 We have further reported that LIV
increases cell stiffness and expression of LINC elements.29 Here,
we showed that twice daily application of LIV restored both
proliferation and YAP levels comparable with control MSCs. LIV
further increased the protein levels of LaminA/C, Sun-2, and p-FAK
while laminB1 and Vinculin levels remained unchanged. This
suggests that the loss of cell structure due to sMG can be in part
alleviated by concomitant application of LIV.
When LINC complex function was disabled, LIV failed to rescue
dysfunction induced by sMG. This suggests that LIV rescue of cell
proliferation requires an intact LINC complex. As LIV mechan-
oresponse cannot occur when LINC is disrupted,59 this suggests
that some of LINC function is preserved, as we confirmed here by
showing that LIV was able to activate Akt in cells exposed to sMG.
This suggests that sMG-induced LINC dysfunction resulted in
changes in the cell-cycle mechanism, but the remaining structural
elements were sufficient to support LIV signaling and consequent
repair of LINC.
In summary, we have illustrated that sMG is detrimental to
nuclear proteins LaminA/C, LaminB1 as well as LINC element Sun-
2. These changes were accompanied by heightened nucleus,
disrupted apical actin structure, reduced YAP, Vinculin, and p-FAK
levels as well as decreased cell proliferation. Under these
conditions MSCs remained responsive to LIV and application of
daily LIV alleviated the loss of LaminA/C, Sun-2, p-FAK, and YAP
levels and recovered cell proliferation but failed to rescue LaminB1
and Vinculin. These findings indicate that short bouts of daily LIV
application can be effective at supporting rigorous exercise
regimens designed to keep astronauts healthy. In addition, LIV-
based bioreactor systems can be implemented utilized in space
stations and long-term space missions to aid and augment
regenerative or tissue engineering approaches.
MATERIALS AND METHODS
Cell culture
Primary mdMSCs were isolated from 8- to 10-week male C57BL/6 mice
were prepared after Peister et al.94 Tibial and femoral marrow were
collected in RPMI-1640, 9% FBS, 9% HS, 100 μg/ml pen/strep, and 12 μM L-
glutamine. After 24 h, non-adherent cells were removed by washing with
phosphate-buffered saline and adherent cells cultured for 4 weeks.
Passage 1 cells were collected after incubation with 0.25% trypsin/1mM
EDTA × 2min, and re-plated in a single 175-cm2 flask. After 1–2 weeks,
passage 2 cells were re-plated at 50 cells/cm2 in expansion medium (Iscove
modified Dulbecco’s, 9% FBS, 9% HS, antibiotics, L-glutamine). mdMSC
were re-plated every 1–2 weeks for two consecutive passages up to
passage 5 and tested for osteogenic and adipogenic potential, and
subsequently frozen. For experimental procedures, fetal calf serum (FCS)
was obtained from Atlanta Biologicals (Atlanta, GA). Culture media, trypsin-
EDTA, antibiotics, and Phalloidin-Alexa-488 were from Invitrogen (Carlsbad,
CA). SB415286 was purchased from Sigma Aldrich (St. Louis, MO). L. MSCs95
were maintained in IMDM with FBS (10%, v/v) and penicillin/streptomycin
(100 μg/ml). For primary cell extractions from animals, all procedures were
approved by Boise State and University of North Carolina IACUC and we
complied with all relevant ethical regulations required by these
institutions.
Pharmacological reagents and antibodies
MSC were isolated from 8- to 10-week male C57BL/6 mice were prepared
after Peister et al.94 For transiently silencing specific genes, cells were
transfected with gene-specific small interfering RNA (siRNA) or control
siRNA (20 nM) using PepMute Plus transfection reagent (SignaGen Labs,
Rockville, MD) according to manufacturer’s instructions. MSCs were
transfected using 1 µg DNA per 100,000 cells using LipoD293 transfection
reagent (SignaGen Labs) according to manufacturer’s instructions.
Transfections and siRNA were applied 72 h prior to sMG. A complete list
of all the reagents (Table S2), antibodies (Table S3), siRNA sequences (Table
S4), and primers (Table S5) along with their final concentrations are
provided in the supplementary appendix.
sMG Clinostat model
MSCs were seeded at a density of 1800 cells/cm2 into 12.5 cm2 flasks and
maintained in IMDM supplemented with FCS (10%, v/v) and antibiotics.
Flasks were filled and sealed to avoid any air bubbles during experiments.
sMG was applied via a clinorotator which worked by rotating about a
horizontal axis at 15 rpm. The non-rotated control group was placed in the
same incubator. Our experimental approach is depicted in Fig. 1a.
Cell viability
To collect dead as well as alive cells, entire medium and trypsinized cells
were resuspended in 500 µL FACS buffer (PBS+ 3% FBS+ 0.02% NaN3).
Gating of flow cytometer was done using a non-rotated, non-sealed
calibration sample. Dead cells were stained with 4 µL/mL of propidium
iodide. Dead cell percentage was determined based on 10,000 events.
Application of LIV
Vibrations were applied at peak magnitudes of 0.7 g at 90 Hz for 20min at
room temperature. LIV was applied twice for 20min separated by 2 h rest
period. In this study we have chosen 90 Hz, 0.7 g LIV signal. This signal
frequency was shown to be more effective when compared with 45 Hz in
rodent models in terms of its anabolic effect in bone,89 muscle,90 and
intervertebral disc.91 We have further shown this signal to be efficacious in
C3H10T1/2 cells,61 primary mouse MSCs,59 and MSC-derived osteocytes.88
This regimen is considered safe for humans within 1 h of exposure time
according to ISO-261 guidelines.96
Fluorescence cell staining
After 72 h of sMG treatment, cells were fixed with paraformaldehyde.
Nuclei and F-actin were stained per standard protocols using Hoechst
33342 (Life Technologies) and Alexa Fluor 488 conjugated Phalloidin (Life
Technologies).
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Image analysis
Following sMG treatments, cells were fixed and immunostained against F-
actin (Alexa Fluor 488 Phalloidin, Life Technologies) and DNA (Hoechst
33342, Life Technologies). Using Zeiss LSM 710 confocal microscope, the
entire height of individual cells was imaged at intervals of 0.15 µm using
the same parameters. Confocal image stacks were deconvolved usingPost
Auto Quant. Further image processing and analyses were done using NIH
imageJ software (https://imagej.nih.gov/ij/). Nuclear height was quantified
via summation of confocal slice thickness, whereas nuclear area was
measured in maximum intensity z-projections. Apical F-actin was selected
by excluding in focus basal and perinuclear F-actin. Remaining apical F-
actin structures on top of the nucleus were collapsed into a single image
using “Maximum Intensity Projection” (Fig. S2). Apical actin intensity was
reported as the mean actin intensity within nuclear area traced by
Hoechst 33342.
Real-time RT-PCR
Total RNA was isolated and purified using the RNeasy mini kit (QIAGEN) per
manufacturer’s instructions. Reverse transcription was performed with 1 μg
RNA in a total volume of 20 μl per reaction. 25 μL amplification reactions
contained primers at 0.5 μm, deoxynucleotide triphosphates (0.2 mm each)
in PCR buffer, and 0.03 U Taq polymerase along with SYBR-green
(Molecular Probes, Inc., Eugene, OR) at 1:150,000. Aliquots of cDNA were
diluted 5- to 5000-fold to generate relative standard curves with which
sample cDNA was compared. Standards and samples were run in triplicate.
PCR products from all species were normalized for the amount of GAPDH
amplicons. GAPDH has been used as a referent for mesenchymal stem cells
in a clinostat-based sMG system before in respect to qPCR.60
Western blotting
Whole-cell lysates were prepared using an radio immunoprecipitation
assay (RIPA) lysis buffer (150mM NaCl, 50 mM Tris HCl, 1 mM EDTA, 0.24%
sodium deoxycholate, 1% Igepal, pH 7.5) to protect the samples from
protein degradation NaF (25mM), Na3VO4 (2mM), aprotinin, leupeptin,
pepstatin, and phenylmethylsulfonylfluoride (PMSF) were added to the
lysis buffer. Whole cell lysates (20 μg) were separated on 9% polyacryla-
mide gels and transferred to polyvinylidene difluoride (PVDF) membranes.
Membranes were blocked with milk (5%, w/v) diluted in Tris-buffered
saline containing Tween20 (TBS-T, 0.05%). Blots were then incubated
overnight at 4 °C with appropriate primary antibodies. Following primary
antibody incubation, blots were washed and incubated with horseradish
peroxidase-conjugated secondary antibody diluted at 1:5000 (Cell Signal-
ing) at RT for 1 h. Chemiluminescence was detected with ECL plus
(Amersham Biosciences, Piscataway, NJ). At least three separate experi-
ments were used for densitometry analyses of western blots and
densitometry was performed via NIH ImageJ software. All blots derive
from the same experiment and were processed in parallel. As GAPDH was
previously used as a referent for mesenchymal stem cells in a clinostat-
based sMG systems for western blotting,27 we used GAPDH for our
reference protein for densitometry. A list of primary antibodies used are
given in Table S3.
Liquid chromatography–tandem mass spectrometry (LC–MS/MS)-
based proteomic analysis
Whole cell lysate (20 μg of total protein) from each sample was digested
with trypsin/lys C mix (Promega, Madison, WI) following the manufacturer’s
instruction. Briefly, whole cell lystates were precipitated with cold acetone
to remove substances that interfere downstream LC–MS/MS analysis.
Resulting protein pellets were resuspended in 8 M urea solution, reduced
by dithiothreitol, and alkylated by iodoacetamide. Samples were diluted to
1M urea concentration and incubated with trypsin/lys C overnight at 30 °C.
Digested samples were desalted and purified using a reverse-phase
C18 spin column. Resulting peptides were chromatographically separated
on a reverse-phase C18 column (10 cm × 75 µm, 3 µm, 120 Å) and analyzed
on a Velos Pro Dual-Pressure Linear Ion Trap mass spectrometer (Thermo
Fisher Scientific) as described previously.97
Protein identification and quantification were achieved by database
search using Sequest HT algorithms in Proteome Discoverer 1.4 informatics
software (Thermo Fisher Scientific). Swiss-Prot protein sequence database
for mouse downloaded from www.unipro.org on June 15, 2018 was used
in Sequest HT spectrum search. Main search parameters included: trypsin,
maximum missed cleavage site of two, precursor mass tolerance of 1.5 Da,
fragment mass tolerance of 0.8 Da, static modification of cysteine
carbamidomethylation (+57.021 Da), and dynamic modification of methio-
nine oxidation (+15.995 Da). A decoy database search was performed to
calculate a false discovery rate (FDR). Proteins containing one or more
peptides with FDR < 0.05 were considered positively identified and
reported. The number of peptide spectrum matches (PSMs) for each
protein was used for protein quantification. PSMs for individual proteins
identified in each sample were normalized by the total PSMs of the sample
and multiplied by a factor of 10,000. Only the normalized PSMs that were
higher than 5 (in either group) were reported as the abundance quantifiers
for individual proteins.
Statistical analysis
Results are presented as mean ± SEM. Densitometry and other analyses
were performed on at least three separate experiments. For comparisons
regarding PCR or western blot data, differences between treatments within
each biological replicate were assumed to follow a normal distribution due
to large mean sample size (20,000 or more cells/group), thus for these
comparisons, we have used two-tailed unpaired t-tests or one-way ANOVA.
When comparing two conditions (Fig. 1b, S1) differences between groups
were identified using un-paired t-test. When comparing more than two
conditions (Figs. 2b, 3a–c, 4 and 5) we performed by one-way analysis of
variance (ANOVA) followed by Newman–Keuls post hoc tests. For other
comparisons with smaller sample size, including cell morphology, we
assessed normality Kolmogorov–Simirnov test (α= 0.05). For non-normally
distributed data, we have use via two-tailed Mann–Whitney U-test (Fig. 2a)
as indicated in figure legends. P-values of <0.05 were considered
significant.
Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.
ACKNOWLEDGEMENTS
This study was supported by NASA EPSCoR NNX15AK35A (G.U.), NASA ISGC
NNX15AI04H (G.U.), NIH 5P2CHD086843-03 (G.U.), and P20GM109095 (G.U., J.T.O.).
Authors acknowledge further support by the Institutional Development Award (IDeA)
Program from the National Institute of General Medical Sciences of the National
Institutes of Health under Grants #P20GM103408 and P20GM109095. We also
acknowledge support from The Biomolecular Research Center at Boise State with
funding from the National Science Foundation, Grants #0619793 and #0923535; the
MJ Murdock Charitable Trust; Lori and Duane Steuckle, and the Idaho State Board of
Education.
AUTHOR CONTRIBUTIONS
H.T. and R.B. (co-first authors): data analysis/interpretation, manuscript writing, final
approval of manuscript. S.L. and M.T.: data analysis/interpretation, data analysis, final
approval of manuscript. S.K., K.P., A.N.S., and S.P.: data analysis, final approval of
manuscript. R.B., J.R., J.A., and J.T.O.: data analysis/interpretation, final approval of
manuscript. G.U.: concept/design, financial support, data analysis/interpretation,
manuscript writing, final approval of manuscript.
ADDITIONAL INFORMATION
Supplementary information accompanies the paper on the npj Microgravity website
(https://doi.org/10.1038/s41526-019-0072-5).
Competing interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.
H. Touchstone et al.
7
Published in cooperation with the Biodesign Institute at Arizona State University, with the support of NASA npj Microgravity (2019)    11 
REFERENCES
1. Ozcivici, E., Luu, Y. K., Rubin, C. T. & Judex, S. Low-level vibrations retain bone
marrow’s osteogenic potential and augment recovery of trabecular bone during
reambulation. PLoS. ONE. 5, e11178 (2010).
2. Zayzafoon, M., Gathings, W. E. & McDonald, J. M. Modeled microgravity inhibits
osteogenic differentiation of human mesenchymal stem cells and increases
adipogenesis. Endocrinology 145, 2421–2432 (2004).
3. Gadomski, B. C. et al. Partial gravity unloading inhibits bone healing responses in
a large animal model. J. Biomech. 47, 2836–2842 (2014).
4. Greenleaf, J. E., Bulbulian, R., Bernauer, E. M., Haskell, W. L. & Moore, T. Exercise-
training protocols for astronauts in microgravity. J. Appl. Physiol. 67, 2191–2204
(1989).
5. Smith, S. M. et al. Calcium metabolism before, during, and after a 3-mo space-
flight: kinetic and biochemical changes. Am. J. Physiol. 277, R1–R10 (1999).
6. Vico, L. et al. Effects of long-term microgravity exposure on cancellous and cortical
weight-bearing bones of cosmonauts. Lancet (Lond., Engl.) 355, 1607–1611 (2000).
7. Bonewald, L. F. The amazing osteocyte. J. Bone Miner. Res. 26, 229–238 (2011).
8. Krishnan, V., Bryant, H. U. & MacDougald, O. A. Regulation of bone mass by Wnt
signaling. J. Clin. Invest 116, 1202–1209 (2006).
9. Menuki, K. et al. Climbing exercise enhances osteoblast differentiation and
inhibits adipogenic differentiation with high expression of PTH/PTHrP receptor in
bone marrow cells. Bone 43, 613–620 (2008).
10. David, V. et al. Mechanical loading down-regulates peroxisome proliferator-
activated receptor gamma in bone marrow stromal cells and favors osteo-
blastogenesis at the expense of adipogenesis. Endocrinology 148, 2553–2562
(2007).
11. Pan, Z. et al. Effects of hindlimb unloading on ex vivo growth and osteogenic/
adipogenic potentials of bone marrow-derived mesenchymal stem cells in rats.
Stem. Cells Dev. 17, 795–804 (2008).
12. Minaire, P., Edouard, C., Arlot, M. & Meunier, P. J. Marrow changes in paraplegic
patients. Calcif. Tissue Int. 36, 338–340 (1984).
13. Luxton, G. W. G. & Starr, D. A. KASHing up with the nucleus: novel functional roles
of KASH proteins at the cytoplasmic surface of the nucleus. Curr. Opin. Cell Biol.
28, 69–75 (2014).
14. Uzer, G. et al. Sun-mediated mechanical LINC between nucleus and cytoskeleton
regulates betacatenin nuclear access. J. Biomech. 74, 32–40 (2018).
15. Shiu, J.-Y., Aires, L., Lin, Z. & Vogel, V. Nanopillar force measurements reveal actin-
cap-mediated YAP mechanotransduction. Nat. Cell Biol. 20, 262–271 (2018).
16. Padmakumar, V. C. et al. Enaptin, a giant actin-binding protein, is an element of
the nuclear membrane and the actin cytoskeleton. Exp. Cell Res. 295, 330–339
(2004).
17. Zhen, Y.-Y., Libotte, T., Munck, M., Noegel, A. A. & Korenbaum, E. NUANCE, a giant
protein connecting the nucleus and actin cytoskeleton. J. Cell Sci. 115, 3207–3222
(2002).
18. Lovett, D. B., Shekhar, N., Nickerson, J. A., Roux, K. J. & Lele, T. P. Modulation of
nuclear shape by substrate rigidity. Cell Mol. Bioeng. 6, 230–238 (2013).
19. Plessner, M., Melak, M., Chinchilla, P., Baarlink, C. & Grosse, R. Nuclear F-actin
formation and reorganization upon cell spreading. J. Biol. Chem. 290,
11209–11216 (2015).
20. Baarlink, C., Wang, H. & Grosse, R. Nuclear actin network assembly by formins
regulates the SRF coactivator MAL. Science 340, 864–867 (2013).
21. Versaevel, M. et al. Super-resolution microscopy reveals LINC complex recruit-
ment at nuclear indentation sites. Sci. Rep. 4, https://doi.org/10.1038/srep07362
http://www.nature.com/srep/2014/141208/srep07362/abs/srep07362.
html#supplementary-information (2014).
22. Elosegui-Artola, A. et al. Force triggers YAP nuclear entry by regulating transport
across nuclear pores. Cell 171, 1397–1410.e1314 (2017).
23. Makhija, E., Jokhun, D. S. & Shivashankar, G. V. Nuclear deformability and telo-
mere dynamics are regulated by cell geometric constraints. Proc. Natl Acad. Sci.
USA 113, E32–E40 (2016).
24. Shi, F. et al. Simulated microgravity promotes angiogenesis through RhoA-
dependent rearrangement of the actin cytoskeleton. Cell. Physiol. Biochem. 41,
227–238 (2017).
25. Corydon, T. J. et al. Reduced expression of cytoskeletal and extracellular matrix
genes in human adult retinal pigment epithelium cells exposed to simulated
microgravity. Cell. Physiol. Biochem. 40, 1–17 (2016).
26. Janmaleki, M., Pachenari, M., Seyedpour, S. M., Shahghadami, R. & Sanati-Nezhad,
A. Impact of simulated microgravity on cytoskeleton and viscoelastic properties
of endothelial cell. Sci. Rep. 6, 32418 (2016).
27. Chen, Z., Luo, Q., Lin, C., Kuang, D. & Song, G. Simulated microgravity inhibits
osteogenic differentiation of mesenchymal stem cells via depolymerizing F-actin
to impede TAZ nuclear translocation. Sci. Rep. 6, 30322 (2016).
28. Vorselen, D., Roos, W. H., MacKintosh, F. C., Wuite, G. J. L. & van Loon, J. J. W. A.
The role of the cytoskeleton in sensing changes in gravity by nonspecialized cells.
Faseb. J. 28, 536–547 (2014).
29. Pongkitwitoon, S., Uzer, G., Rubin, J. & Judex, S. Cytoskeletal configuration
modulates mechanically induced changes in mesenchymal stem cell osteogen-
esis, morphology, and stiffness. Sci. Rep. 6, 34791 (2016).
30. Thompson, W. R., Rubin, C. T. & Rubin, J. Mechanical regulation of signaling
pathways in bone. Gene 503, 179–193 (2012).
31. Fritton, S. P., McLeod, K. J. & Rubin, C. T. Quantifying the strain history of bone:
spatial uniformity and self-similarity of low-magnitude strains. J. Biomech. 33,
317–325 (2000).
32. Wakeling, J. M. & Nigg, B. M. Modification of soft tissue vibrations in the leg by
muscular activity. J. Appl. Physiol. 90, 412–420 (2001).
33. de Haan, A. The influence of stimulation frequency on force-velocity character-
istics of in situ rat medial gastrocnemius muscle. Exp. Physiol. 83, 77–84 (1998).
34. Huang, R. P., Rubin, C. T. & McLeod, K. J. Changes in postural muscle dynamics as
a function of age. J. Gerontol. A. Biol. Sci. Med. Sci. 54, B352–B357 (1999).
35. Kim, I. S., Song, Y. M., Lee, B. & Hwang, S. J. Human mesenchymal stromal cells are
mechanosensitive to vibration stimuli. J. Dent. Res. 91, 1135–1140 (2012).
36. Wu, S. H., Zhong, Z. M. & Chen, J. T. Low-magnitude high-frequency vibration
inhibits RANKL-induced osteoclast differentiation of RAW264.7 cells. Int. J. Med.
Sci. 9, 801–807 (2012).
37. Muir, J., Judex, S., Qin, Y. X. & Rubin, C. Postural instability caused by extended
bed rest is alleviated by brief daily exposure to low magnitude mechanical sig-
nals. Gait. Posture 33, 429–435 (2011).
38. Luu, Y. K. et al. Development of diet-induced fatty liver disease in the aging
mouse is suppressed by brief daily exposure to low-magnitude mechanical sig-
nals. Int. J. Obes. 34, 401–405 (2010).
39. Luu, Y. K. et al. Mechanical stimulation of mesenchymal stem cell proliferation
and differentiation promotes osteogenesis while preventing dietary-induced
obesity. J. Bone Miner. Res. 24, 50–61 (2009).
40. Holguin, N., Muir, J., Rubin, C. & Judex, S. Short applications of very low-
magnitude vibrations attenuate expansion of the intervertebral disc during
extended bed rest. Spine J. 9, 470–477 (2009).
41. McGee-Lawrence, M. E. et al. Whole-body vibration mimics the metabolic effects
of exercise in male leptin receptor deficient mice. Endocrinology, https://doi.org/
10.1210/en.2016-1250 (2017).
42. Zhou, Y. et al. Whole body vibration improves osseointegration by up-regulating
osteoblastic activity but down-regulating osteoblast-mediated osteoclastogen-
esis via ERK1/2 pathway. Bone 71c, 17–24 (2014).
43. Dickin, D. C., Faust, K. A., Wang, H. & Frame, J. The acute effects of whole-body
vibration on gait parameters in adults with cerebral palsy. J. Musculoskelet.
Neuron. Interact. 13, 19–26 (2013).
44. Marin-Cascales, E. et al. Whole-body vibration training and bone health in
postmenopausal women: a systematic review and meta-analysis. Medicine 97,
e11918 (2018).
45. Ritzmann, R., Stark, C. & Krause, A. Vibration therapy in patients with cerebral
palsy: a systematic review. Neuropsychiatr. Dis. Treat. 14, 1607–1625 (2018).
46. Gilsanz, V. et al. Low-level, high-frequency mechanical signals enhance muscu-
loskeletal development of young women with low BMD. J. Bone Miner. Res. 21,
1464–1474 (2006).
47. Mogil, R. J. et al. Effect of low-magnitude, high-frequency mechanical stimulation
on BMD among young childhood cancer survivors: a randomized clinical trial.
JAMA Oncology, https://doi.org/10.1001/jamaoncol.2015.6557 (2016).
48. Leonard, M. B. et al. Effect of low magnitude mechanical stimuli on bone density
and structure in pediatric crohn’s disease: a randomized placebo controlled trial.
J. Bone Miner. Res., https://doi.org/10.1002/jbmr.2799 (2016).
49. Rubin, C., Turner, A. S., Bain, S., Mallinckrodt, C. & McLeod, K. Anabolism: low
mechanical signals strengthen long bones. Nature 412, 603–604 (2001).
50. Rubin, C. et al. Quantity and quality of trabecular bone in the femur are enhanced
by a strongly anabolic, noninvasive mechanical intervention. J. Bone Miner. Res.
17, 349–357 (2002).
51. Rubin, C., Xu, G. & Judex, S. The anabolic activity of bone tissue, suppressed by
disuse, is normalized by brief exposure to extremely low-magnitude mechanical
stimuli. FASEB J. 15, 2225–2229 (2001).
52. McKeehen, J. N. et al. Adaptations of mouse skeletal muscle to low-intensity
vibration training. Med. Sci. Sports Exerc. 45, 1051–1059 (2013).
53. Mettlach, G. et al. Enhancement of neuromuscular dynamics and strength
behavior using extremely low magnitude mechanical signals in mice. J. Biomech.
47, 162–167 (2014).
54. Xie, L., Rubin, C. & Judex, S. Enhancement of the adolescent murine muscu-
loskeletal system using low-level mechanical vibrations. J. Appl. Physiol. 104,
1056–1062 (2008).
55. McClarren, B. & Olabisi, R. Strain and vibration in mesenchymal stem cells. Int. J.
Biomater. 2018, 13 (2018).
56. Uzer, G., Pongkitwitoon, S., Ete Chan, M. & Judex, S. Vibration induced osteogenic
commitment of mesenchymal stem cells is enhanced by cytoskeletal remodeling
but not fluid shear. J. Biomech. 46, 2296–2302 (2013).
H. Touchstone et al.
8
npj Microgravity (2019)    11 Published in cooperation with the Biodesign Institute at Arizona State University, with the support of NASA
57. Demiray, L. & Özçivici, E. Bone marrow stem cells adapt to low-magnitude
vibrations by altering their cytoskeleton during quiescence and osteogenesis.
Turk. J. Biol. 39, 88–97 (2015).
58. Baskan, O., Mese, G. & Ozcivici, E. Low-intensity vibrations normalize
adipogenesis-induced morphological and molecular changes of adult
mesenchymal stem cells. Proc. Inst. Mech. Eng. H., https://doi.org/10.1177/
0954411916687338 (2017).
59. Uzer, G. et al. Cell Mechanosensitivity to extremely low-magnitude signals is
enabled by a LINCed nucleus. Stem Cells 33, 2063–2076 (2015).
60. Uddin, S. M. Z. & Qin, Y.-X. Enhancement of osteogenic differentiation and pro-
liferation in human mesenchymal stem cells by a modified low intensity ultra-
sound stimulation under simulated microgravity. PLoS. ONE. 8, e73914 (2013).
61. Sen, B. et al. Mechanical signal influence on mesenchymal stem cell fate is
enhanced by incorporation of refractory periods into the loading regimen. J.
Biomech. 44, 593–599 (2011).
62. Pagnotti, G. M. et al. Low intensity vibration mitigates tumor progression and
protect bone quantity and quality in a murine model of myeloma. Bone 90, 69–79
(2016).
63. Dupont, S. et al. Role of YAP/TAZ in mechanotransduction. Nature 474, 179–183
(2011).
64. Das, A., Fischer, R. S., Pan, D. & Waterman, C. M. YAP nuclear localization in the
absence of cell-cell contact is mediated by a filamentous actin-dependent,
myosin II- and phospho-YAP-independent pathway during extracellular matrix
mechanosensing. J. Biol. Chem. 291, 6096–6110 (2016).
65. Hamadi, A. et al. Regulation of focal adhesion dynamics and disassembly by
phosphorylation of FAK at tyrosine 397. J. Cell Sci. 118, 4415–4425 (2005).
66. Wu, Z., Jiang, Q., Clarke, P. R. & Zhang, C. Phosphorylation of Crm1 by
CDK1–cyclin-B promotes Ran-dependent mitotic spindle assembly. J. Cell Sci. 126,
3417–3428 (2013).
67. Lindqvist, A. Cyclin B–Cdk1 activates its own pump to get into the nucleus. J. Cell
Biol. 189, 197–199 (2010).
68. Myllyharju, J. Prolyl 4-hydroxylases, the key enzymes of collagen biosynthesis.
Matrix Biol. 22, 15–24 (2003).
69. Uzer, G., Rubin, C. T. & Rubin, J. Cell mechanosensitivity is enabled by the LINC
nuclear complex. Curr. Mol. Biol. Rep. 2, 36–47 (2016).
70. Kim, D. H. & Wirtz, D. Cytoskeletal tension induces the polarized architecture of
the nucleus. Biomaterials 48, 161–172 (2015).
71. Chambliss, A. B. et al. The LINC-anchored actin cap connects the extracellular
milieu to the nucleus for ultrafast mechanotransduction. Sci. Rep. 3, http://www.
nature.com/srep/2013/130118/srep01087/abs/srep01087.html#supplementary-
information (2013).
72. Khatau, S. B. et al. A perinuclear actin cap regulates nuclear shape. Proc. Natl
Acad. Sci. USA 106, 19017–19022 (2009).
73. Nabavi, N., Khandani, A., Camirand, A. & Harrison, R. E. Effects of microgravity on
osteoclast bone resorption and osteoblast cytoskeletal organization and adhe-
sion. Bone 49, 965–974 (2011).
74. Gershovich, P. M., Gershovich, J. G. & Buravkova, L. B. Cytoskeleton structure and
adhesion properties of human stromal precursors under conditions of simulated
microgravity. Cell Tissue Biol. 3, 423–430 (2009).
75. Dedolph, R. R. & Dipert, M. H. The physical basis of gravity stimulus nullification
by clinostat rotation. Plant Physiol. 47, 756–764 (1971).
76. Klaus, D. M., Todd, P. & Schatz, A. Functional weightlessness during clinorotation
of cell suspensions. Adv. Space Res. 21, 1315–1318 (1998).
77. Wuest, S. L., Stern, P., Casartelli, E. & Egli, M. Fluid dynamics appearing during
simulated microgravity using random positioning machines. PLoS. ONE. 12,
e0170826 (2017).
78. Bacabac, R. G. et al. Bone cell responses to high-frequency vibration stress: does
the nucleus oscillate within the cytoplasm? FASEB J. 20, 858–864 (2006).
79. Lau, E. et al. Effect of low-magnitude, high-frequency vibration on osteogenic
differentiation of rat mesenchymal stromal cells. J. Orthop. Res. 29, 1075–1080
(2011).
80. Dai, Z. et al. Actin microfilament mediates osteoblast Cbfa1 responsiveness to
BMP2 under simulated microgravity. PLoS. ONE. 8, e63661 (2013).
81. Uzer, G. et al. Separating fluid shear stress from acceleration during vibrations
in vitro: identification of mechanical signals modulating the cellular response.
Cell. Mol. Bioeng. 5, 266–276 (2012).
82. Dareing, D. W., Yi, D. & Thundat, T. Vibration response of microcantilevers
bounded by a confined fluid. Ultramicroscopy 107, 1105–1110 (2007).
83. Klein-Nulend, J. et al. Sensitivity of osteocytes to biomechanical stress in vitro.
FASEB J. 9, 441–445 (1995).
84. Graham, D. M. et al. Enucleated cells reveal differential roles of the nucleus in
cell migration, polarity and mechanotransduction. J. Cell Biol. 217, 895−914
(2018).
85. Thakar, K., May, C. K., Rogers, A. & Carroll, C. W. Opposing roles for distinct LINC
complexes in regulation of the small GTPase RhoA. Mol. Biol. Cell. 28, 182–191
(2017).
86. Spichal, M. et al. Evidence for a dual role of actin in regulating chromosome
organization and dynamics in yeast. J. Cell Sci. 129, 681–692 (2016).
87. Lottersberger, F., Karssemeijer, R. A., Dimitrova, N. & de Lange, T. 53BP1 and the
LINC complex promote microtubule-dependent DSB mobility and DNA repair.
Cell 163, 880–893 (2015).
88. Thompson, W. R. et al. Osteocyte specific responses to soluble and mechanical
stimuli in a stem cell derived culture model. Sci. Rep. 5, 11049 http://www.nature.
com/articles/srep11049#supplementary-information (2015).
89. Judex, S., Lei, X., Han, D. & Rubin, C. Low-magnitude mechanical signals that
stimulate bone formation in the ovariectomized rat are dependent on the
applied frequency but not on the strain magnitude. J. Biomech. 40, 1333–1339
(2007).
90. Corbiere, T. F., Weinheimer-Haus, E. M., Judex, S. & Koh, T. J. Low-intensity
vibration improves muscle healing in a mouse model of laceration injury. J. Funct.
Morphol. Kinesiol. 3, https://doi.org/10.3390/jfmk3010001 (2018).
91. Holguin, N., Uzer, G., Chiang, F. P., Rubin, C. & Judex, S. Brief daily exposure to low-
intensity vibration mitigates the degradation of the intervertebral disc in a
frequency-specific manner. J. Appl. Physiol. 111, 1846–1853 (2011).
92. Uzer, G. et al. Gap junctional communication in osteocytes is amplified by low
intensity vibrations in vitro. PLoS. ONE. 9, e90840 (2014).
93. Patel, M. J. et al. Low magnitude and high frequency mechanical loading pre-
vents decreased bone formation responses of 2T3 preosteoblasts. J. Cell. Biochem.
106, 306–316 (2009).
94. Peister, A. et al. Adult stem cells from bone marrow (MSCs) isolated from different
strains of inbred mice vary in surface epitopes, rates of proliferation, and dif-
ferentiation potential. Blood. 103, 1662–1668 (2004).
95. Case, N. et al. Mechanical activation of β-catenin regulates phenotype in adult
murine marrow-derived mesenchymal stem cells. J. Orthop. Res. 28, 1531–1538
(2010).
96. Muir, J., Kiel, D. P. & Rubin, C. T. Safety and severity of accelerations delivered
from whole body vibration exercise devices to standing adults. J. Sci. Med. Sport.
16, 526–531 (2013).
97. Pu, X. & Oxford, J. T. Proteomic analysis of engineered cartilage. Methods Mol. Biol.
103, 1662–8 10.1182/blood-2003-09-3070 (2015).
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
© The Author(s) 2019
H. Touchstone et al.
9
Published in cooperation with the Biodesign Institute at Arizona State University, with the support of NASA npj Microgravity (2019)    11 
